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Abstract 
Two response precuing experiments were conducted to investigate effects of 
musical skill level on the ability to pre- and re-program simple movements. 
Participants successfully used advance information to prepare forthcoming 
responses and showed response slowing when precue information was invalid 
rather than valid. This slowing was, however, only observed for partially invalid 
but not fully invalid precues. Musicians were generally faster than non-musicians, 
but no group differences in the efficiency of movement pre-programming or re-
programming were observed. Interestingly, only musicians exhibited a significant 
foreperiod Lateralized Readiness Potential (LRP) when response hand was pre-
specified or full advance information was provided. These LRP findings suggest 
increased effector-specific motor preparation in musicians than non-musicians. 
However, here the levels of effector-specific preparation did not predict 
preparatory advantages observed in behaviour. In sum, combining the response 
precuing and ERP paradigms serves a valuable tool to examine influences of 
musical training on movement pre- or re-programing processes. 
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The Effects of Musical Training on Movement Pre-programming and Re-
programming Abilities: An Event-Related Potential Investigation 
 
Instrumental music performance frequently involves the rapid execution of 
well-practiced and sequential uni- or bi-manual movements (Jerde et al., 2006; 
Palmer, 2006). For example, a top-level pianist is able to produce up to 1,800 
notes per minute (Münte et al., 2002). In order to achieve such advanced-level 
musical ability, individuals need to engage in a significant amount of deliberate 
practice that is usually gained over a period of many years (often initiated in early 
childhood; Sloboda & Davidson, 1996; Williamon & Valentine, 2000). During 
these rehearsals, instrumentalists repeatedly perform finger movements required 
to produce each musical note, for example by pressing successive piano keys 
(Watson, 2006). This extensive training leads to the development of fine motor 
skill (Willingham, 1999; Jabusch, 2006) as demonstrated by the superior 
performance of musicians, compared to non-musicians, on finger tapping (e.g. 
Franěk et al., 1991; Repp & Doggett, 2007) and motor sequence learning tasks 
(e.g. Landau & D’Esposito, 2006).  
A widely distributed brain network is recruited during instrument playing 
(Baumann et al., 2007) and the high motor and auditory demands placed on the 
developing brain by intensive musical practice seem to lead to structural and 
functional neural adaptations (Pascual-Leone et al., 2005). For example, children 
who received music lessons over a 15-month period exhibited enlargements in 
the right precentral gyrus, right primary auditory cortex and corpus callosum 
compared to controls (Hyde et al., 2009). Neuroanatomical and 
neurophysiological differences are also frequently reported between adult 
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musician and non-musicians (for a review, see Wan & Schlaug, 2010), 
particularly within the motor network (Herholz & Zatorre, 2012). Indeed, 
neuroimaging studies indicate that professional musicians exhibit larger grey 
matter volume in the primary motor cortex (Amunts et al., 1997; Gaser & 
Schlaug, 2003; Elbert et al., 1995) and cerebellum (Hutchinson et al., 2003), 
relative to non-musicians. Furthermore, structural enlargements in the primary 
motor cortex (M1) appear to correspond to the type of instrument that an 
individual specializes in (Elbert et al., 1995; Bangert & Schlaug, 2006). For 
example, Bangert and Schlaug (2006) reported that professional string-players 
exhibited pronounced cortical representations of their left hand (i.e. the hand 
predominantly used to play their instrument) in the right M1. These enlarged M1 
representations may enable musicians to execute their movements more 
efficiently (Jäncke et al., 2000; Jentzsch et al., 2014).  
As the ability to prepare movements slows with age (Stelmach et al., 1988; 
Seidler et al., 2010), musical practice could serve as a potential intervention to 
delay or prevent such aging-related decline (Hanna-Pladdy & MacKay, 2011; 
Jentzsch et al., 2014). Moreover, novel therapies that improve the efficiency of 
movements are necessary and musical training forms a viable treatment option 
(e.g. in post-stroke rehabilitation; Schneider et al., 2007; Altenmüller et al., 2009). 
Thus, the present study aims to examine whether musical training even at an 
amateur levels improves the ability to pre-program (Experiment 1) and re-
program (Experiment 2) simple finger movements in a non-musical task. To 
investigate this, the study combined two response precuing tasks with an event-
related potential (ERP) paradigm. The next section describes these experimental 
paradigms and outlines the rationale of each experiment. 
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Movement Pre-programming 
Voluntary movements are prepared before they are performed (Keele, 
1968; Churchland et al., 2006) and the response precuing paradigm 
(Rosenbaum, 1980; 1983) is frequently utilized to investigate these processes. In 
such tasks, a precue appears before target onset and conveys advance partial 
information about a forthcoming response (i.e. ‘foreperiod’). Precues can 
indicate, for example, the hand (left or right), type of finger (i.e. index or middle) 
or direction of movement. Subsequently, a target provides complete information 
about the required response. If participants utilize precue information to prepare 
their responses in advance, their reaction times (RT) are significantly faster in 
informative precue trials compared to non-informative trials (for a review, see 
Leuthold et al., 2004). This suggests that even incomplete information about 
forthcoming movements can activate the necessary motor programs, which 
enable faster responses (Ulrich et al., 1998; Shojaei & VaezMousavi, 2007; but 
see Goodman & Kelso, 1980). However, response precuing tasks are restricted 
to overt measures of movement preparation, hence, are frequently combined with 
the ERP method (for a review, see Leuthold et al., 2004). ERP studies examine 
the neural correlates of action preparation: the foreperiod Lateralized Readiness 
Potential (LRP; Gratton et al., 1988) and foreperiod Contingent Negative 
Variation (CNV; Walter et al., 1964), extracted from electrophysiological 
recordings of neural activity with high temporal accuracy (Coles et al., 1995; 
Friedman, 2000).  
The foreperiod CNV is a slow negative potential often triggered by a 
warning stimulus (e.g. a precue) and develops during the interval between the 
precue and target onset. The foreperiod CNV consists of early and late activity 
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arising from the frontoparietal and centroparietal regions, respectively. The earlier 
component indexes non-motoric processing such as sensory preparation, 
anticipatory attention and orienting towards the warning stimulus (e.g., Brunia & 
van Boxtel, 2001; Gomez et al., 2004; Loveless & Sanford, 1974; Rohrbaugh, & 
Gaillard, 1983), whereas the late component corresponds to muscle-unspecific 
motor preparation (Rohrbaugh et al., 1976; for a review, see Leuthold et al., 
2004). This study focuses on the late foreperiod CNV, which has been suggested 
to reflect the combined activity of lateral premotor and supplementary/cingulate 
motor areas (Leuthold & Jentzsch, 2001). In response precuing tasks, the late 
foreperiod CNV is detected during all trials, although its amplitude increases with 
the amount of advance information provided by the precue (Mackay & Bonnet, 
1990; Leuthold et al., 2004). The foreperiod LRP, an index of selective motor 
activation of the specific effector representation and originates most likely from 
the primary motor cortex (Deecke et al., 1976; Leuthold & Jentzsch, 2001; 
Jentzsch & Leuthold, 2002). It can therefore only be detected when the specific 
effector (e.g. left or right hand) is known in advance. This ERP component is 
recorded over the C3’ and C4’ electrode sites and calculated by subtracting the 
activity from the electrode site (i.e. C3/C4) ipsilateral to each response hand from 
the activity in the contralateral recording site (Osman et al., 2003). Moreover, the 
foreperiod LRP seems to index later stages of movement preparation (i.e. the 
conversion of motor programs into muscle-specific commands; Leuthold et al., 
2004). As the foreperiod LRP and foreperiod CNV provide markers of different 
stages of motoric preparation, combining the two can be used as a powerful tool 
to investigate covert movement preparation processes (Leuthold et al., 2004). 
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As mentioned earlier, musicians have been reported to show structural 
enlargements in motoric areas of the brain. Musicians may therefore be more 
efficient at preparing their actions compared to non-musicians (Jäncke et al., 
2000). For example, professional instrumentalists have been shown to anticipate 
their forthcoming movements when performing musical compositions (Engel et 
al., 1997) and more musically experienced individuals exhibit more anticipatory 
behaviour (Palmer & Pfordresher, 2003; Palmer & Dalla Bella 2004). Indeed, RT 
latencies generally seem to decrease as musical experience increases (e.g., 
Jentzsch et al., 2014). Moreover, young adults with musical training respond 
faster on uni-manual and bi-manual RT tasks compared to musically-naïve 
individuals (Hughes & Franz, 2007). Overall, musical practice may accelerate 
motor preparation processes, thus reducing their contribution to RT. Thus, the 
first experiment reported here aimed to directly examine the influence of musical 
practice on selective movement preparation. 
Movement Re-programming  
Prepared movements must occasionally be modified before they are 
executed, such as when an unforeseen change occurs in the environment. This 
process of response re-programming enables humans to flexibly engage with 
their surroundings (Larish & Frekany 1985; Stelmach et al., 1988). Response 
precuing tasks can also be used to investigate this form of movement preparation 
(Leuthold & Jentzsch, 2002b), by including invalid precues that encourage 
participants to prepare the incorrect motor parameters, which they must change 
after target onset (Leuthold, 2003). If responses are prepared according to invalid 
precue information, RTs are significantly slower compared to trials with valid 
precues (Leuthold & Jentzsch, 2002b). The resulting RT costs may reflect 
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additional, inhibitory as well as motoric re-programming processes involved in 
invalid trials (Larish & Frekany, 1985; Lépine et al., 1989).  Again, to our 
knowledge no previous study has addressed the influence of musical practice on 
the ability to re-program an incorrectly pre-specified motor programme. A recent 
study by Jentzsch et al. (2014) suggested that musicians even at an amateur 
level might have a better ability to detect conflicts and errors compared to non-
musicians. Thus, from this evidence one could predict musicians to be more 
efficient at re-programming their movements. This would also fit with brain 
imaging data suggesting an involvement of the ACC not only in error and conflict 
detection in general, but also specifically detecting conflict between existing and 
newly activated motor plans (Leuthold & Jentzsch, 2002b). Thus, Experiment 2 
investigates whether amateur musicians show a better ability for motor re-
programming compared to non-musical control participants. 
Experiment 1 
The first experiment used a standard precuing task. Precues provided 
valid partial advance information about the response finger (i.e. middle or index) 
or hand (i.e. left or right) to examine whether musical training influences the 
ability to prepare movements in advance. Non-informative and ambiguous 
precues were used as control conditions; the former category of precues served 
to examine whether participants actually utilized precue information to prepare 
their movements and the latter precues separate group differences due to non-
motoric, response-selection from motor preparation processes (Goodman & 
Kelso, 1980). Hence, if participants prepare their responses based on precue 
information, they should respond faster on trials with informative precues (i.e. 
hand, finger, ambiguous) compared to non-informative trials. 
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Based on the hypothesis that musical practice leads to more efficient 
responses (Jäncke et al., 2000; Jentzsch et al., 2014), musicians are expected to 
generally respond faster to targets compared to non-musicians. Moreover, if 
musicians do engage in more efficient motor preparation, they should respond 
faster in trials with finger and hand precues compared to non-informative and 
ambiguous conditions. As previous studies consistently report structural 
enlargement in the M1 and associated motor areas (e.g. Elbert et al., 1995), 
musicians are predicted to exhibit larger foreperiod late CNV (for all precue 
conditions) and foreperiod LRP amplitudes (only when hand is pre-specified, as 
no foreperiod LPR is predicted for the finger precue condition), relative to non-
musicians.  
Method 
Participants 
Thirty-one participants completed a single session approximately 2-hours 
in length. Sixteen of these individuals were classified as musicians (>1000 hours 
of accumulated practice time) and fifteen as non-musicians (< 1000 hours of 
accumulated practice time). Data from one additional participant were excluded, 
as that participant was substantially older (56 years old) than all other 
participants (range: 18 to 34 years old).  
All participants provided written informed consent, had normal or 
corrected-to-normal vision and were reimbursed for their participation with £10. 
The study was conducted after receiving ethical approval from the Psychology 
and Neuroscience School Ethics Committee.  
Materials and Procedure 
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PANAS Mood Questionnaire: The trait version of the Positive and 
Negative Affect Schedule (PANAS; Watson et al., 1988) was used to control for 
the effects of general positive and negative affect on movement preparation. In 
this self-report questionnaire, respondents rated each of the 20 words (describing 
different feelings and emotions) using a 5-point scale (1=very slightly or not at all; 
5=extremely), on the extent to which they generally experience each emotion. 
Scores are generated separately for negative and positive affect and can range 
from 10-50. The trait version of the PANAS has good internal consistency and 
test-retest reliability (Watson et al., 1998). 
Music Experience Questionnaire: The Music Experience Questionnaire 
(Jentzsch et al., 2014) was used to collect demographic (e.g. age, gender) 
information and details of each respondent’s musical experience and knowledge. 
Respondents completed open-ended questions about the musical instruments 
that they currently play or have previously played. They were required to provide 
the number of years spent actively engaging with an instrument, the start age 
and where applicable, the end age, any formal examinations taken and 
accumulated practice time of each instrument. Four 5-point scales (1=None or 
Not Able; 5 =Extensive or Very Able) also measure respondents’ ability to read 
music, their knowledge of music history/ theory and overall musical ability. A 
general musical knowledge score is then calculated for each individual (score 
range: 0-20). The final two questions focus on the average number of hours per 
week spent listening to music and number of hours per month spent engaging in 
non-musical activities (Jentzsch et al., 2014).  
Response Precuing Task: The response precuing task was programmed 
and run in Experimental Run Time System (ERTS; version 3.32). Precue 
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information was presented within four empty squares (0.4°x 0.4° visual angle) 
that were displayed on a white background and aligned with one another to form 
a large square (1° x 1°). In this task, precues provided advance partial 
information about response hand, fingers, ambiguous parameters or no 
information. Precues provided valid information in 100% of trials. The possible 
response alternatives were conveyed by two filled red squares, see Figure 1. 
During trials where response hand was identified, the left-top/ left-bottom or right-
top/right-bottom squares were filled in red, which indicated the left or right hand, 
respectively. When the precue displayed advance information about fingers, the 
top-left/top-right squares (i.e. left and right middle fingers) or the bottom two 
squares became filled in red (i.e. left and right index fingers). Ambiguous precues 
(i.e. neither finger nor hand parameters pre-specified; Jentzsch et al., 2004) 
appeared as either top-left/bottom-right or top-right/bottom-left red squares. 
When no advance information was provided, all squares remained unfilled. A 
formation of four green squares (3 unfilled; 1 filled) that were of identical size and 
location to the red squares served as target and appeared immediately after 
precue offset indicating the correct response finger.  
Each trial began with the onset of a central fixation cross (0.3° x 0.3°) that 
remained on screen throughout the trial. After 800 ms, a precue appeared for a 
duration of 1200 ms before being replaced by a target. Targets remained on 
screen until a response was made or for a total of 1800 ms. If a response was 
produced too quickly (< 150ms), a “Too fast” message appeared on screen. Long 
responses latencies (> 1000ms) or failures to respond triggered a “Too slow” 
message and “Incorrect” messages followed incorrect responses. Feedback 
messages appeared directly following slow, fast or incorrect responses and were 
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displayed for 1000 ms. After the offset of trial feedback or when correct 
responses were made, a blank screen was displayed until the start of the next 
trial, which randomly varied between 1100-1500 ms. Figure 1 (panel E) provides 
an illustration of a trial timeline.  
 
Figure 1. Left: Examples of each precue condition of Experiment 1. A. No information. 
B. Response hand information (indicates left hand in example). C. Response finger 
information (indicates left and right middle fingers in example). D. Ambiguous information 
(indicates left index finger and right middle finger in example). Right: E. Schematic 
diagram of the order of events within a single trial, over time. 
 
Participants sat in a dark room, approximately 80 cm from a 17-inch CRT 
computer monitor on which the response precuing task was presented. They 
were first instructed to position their middle and index fingers on the four 
response keys mounted on an ERTS keypad. The left and right middle fingers 
remained on the two outer response keys and the index fingers on the inner 
response keys throughout the experiment. Participants were informed that they 
would be presented with a configuration of four squares, each related to a 
different response alternative. They were also instructed to respond to the green 
cues that appeared in one of the squares with the appropriate response finger.  
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Participants performed 12 practice trials to become familiar with the 
stimulus-response mapping. The experimenter then explained the meaning of the 
precues and emphasized the importance of utilizing this information to prepare 
responses, because it would facilitate both quick and accurate task performance. 
Participants performed 6 experimental blocks (2 practice and 48 experimental 
trials each). Presentation of the different trial types was randomized within 
blocks. After each experimental block, participants received feedback on their 
performance, including their mean RT as well as number and percentage of 
response errors. Subsequently, participants performed a second response 
precuing task (described in Experiment 2) before completing the trait version of 
the PANAS (Watson et al., 1988) and Musical Experience Questionnaire 
(Jentzsch et al., 2014). 
Electrophysiological Recordings and Analysis 
A BIOSEMI Active-Two amplified system with 72 Ag/AgCl electrodes was 
used to record EEG signals. Four electrodes positioned were near each eye 
measured horizontal and vertical eye movements. The Common Mode Sense 
(CMS) and Driven Right Leg (DRL) electrodes were utilized as reference and 
ground electrodes, respectively. Moreover, EEG and electro-ocular activity was 
recorded at a sampling rate of 256Hz. Prior to the data analysis, an adaptive 
artifact correction procedure from the Brain Electromagnetic Source Analysis 
(BESA, Version 5.0.6.) software was applied to trials containing eye blinks and 
horizontal eye movements. Epochs with a total duration of 2200 ms were 
extracted from the EEG recordings, starting at 200 ms before precue onset. 
Epochs with signals exceeding 100 μV or gradients larger than 75 μV were 
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excluded from the analysis. Epochs were then averaged for each of the 8 
experimental conditions (4 precues x 2 hands), a low-pass filter of 20 Hz applied, 
and average-referenced.  
Trials with EEG artifacts, response latencies shorter than 150ms or longer 
than 1000ms post target-onset were excluded from RT and EEG analyses. The 
foreperiod LRP was calculated for left and right hand responses separately, 
where M1 activity from the recording site (i.e. C3/C4) ipsilateral to each response 
hand was subtracted from the activity in the contralateral site. The resulting value 
was averaged across all left and right hand responses to remove ERP activity not 
associated with the motoric preparation of hand movements. Furthermore, the 
late foreperiod CNV was analysed on the Cz electrode site, where the late CNV 
showed showed maximal activity in the present data. A 200 ms analysis window 
was chosen for the mean foreperiod CNV and foreperiod LRP amplitudes, which 
started 200 ms before target-onset. In addition, we also analysed the response 
target LRP amplitude using automatic peak detection software and applying a 
search window 200 to 600 ms after target onset. The mean foreperiod and target-
related ERP components were calculated separately for musicians and non-
musicians, for each precue category and a baseline of 200 ms prior to precue 
onset was used throughout.  
Results 
Demographic Information 
Table 1 provides the mean, standard deviation and F-statistic of the 
Analysis of Variances (ANOVAs) with factor group conducted for each 
demographic variable. There were no significant differences in the age, years of 
education, hours per week spent listening to music, amount of physical activity, 
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and PANAS scores for general negative affect and positive affect between 
musicians and non-musicians. Musicians had significantly more musical 
experience (i.e. accumulated practice time, larger total of years played and 
higher general musical knowledge) compared to non-musicians.  
 
Table 1: Demographic participant information 
                                           Statistics 
 Musicians  Non-
Musicians 
F-value 
Sex (Female; Male) 11; 5 11; 4  
Handedness (Left; Right) 2; 14 3; 12  
Age [Years] 21.7 21.1 0.38 
Years of Education [Years] 16.9 15.6 1.84 
Accumulated Practice Time [h] 3676 179 24.46*** 
Total of Years played [Years] 12.1 1.6 51.57*** 
Musical Knowledge Score 15.6 8.4 47.63*** 
Music Listening [h/week] 17.1 16.3 0.02 
Physical Activity [h/month] 16.1 11.7 0.33 
PANAS Score (positive) 33.4 31.8 0.41 
PANAS Score (negative) 18.8 18.5 0.02 
***: p < 0.001. 
 
 Main musical instrument played 
Musical Practice level  
Musicians 6 Piano, 4 Violin, 2 Flute, 3 Guitar, 1 Clarinet 
Non-Musicians n.a. 
 
Behavioural Data  
The mean reaction times (RTs) and percentage of errors are displayed in 
Figure 2. Mixed ANOVAs with within-subjects factor precue category (no, finger, 
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hand, ambiguous precues) and between-subjects factor group (musicians vs. 
non-musicians) were performed on RTs for correct responses and on arcsine-
transformed error rates.    
Reaction Times: Musicians generally responded faster (M = 349ms) than 
non-musicians (M = 383ms), F(1, 29) = 6.13, p = .019, ηp
2 = 0.18.  There was a 
significant effect of precue category, F(3, 87) = 78.87, p < .001, ηp
2 = 0.73. 
Bonferroni corrected post-hoc analyses revealed that participants were slowest 
for the non-informative precue condition (391 ms) compared to all three partial 
precue conditions, all Fs > 61.07, all ps < .001.  Participants responded 
significantly slower when the precue provided hand information (366 ms) 
compared to both the finger precue ( 352 ms) and the ambiguous precue 
condition (354 ms), all Fs > 25.18, all ps < .001, with the two latter conditions not 
significantly differing from each other, F < 1.0. There was no significant 
interaction between group and precue category, F(3, 87) = 1.48, p = .23. 
Error Rates: There were no significant differences in the percentage of 
errors made by musicians (M = 2.1%) and non-musician (M = 1.7%), F(1, 29) = 
0.91, p > .10. However, there was a significant precue effect, F(3, 87) = 3.06, p = 
.032, ηp
2 = .10.  Bonferroni corrected post-hoc analyses revealed that participants 
were significantly more accurate for ambiguous precues (1.2%) compared to non-
informative precues (2.7%), F(1, 29 ) = 11.02, p < 0.01. No other comparisons 
were significant (all ps  > 0.05). There was no significant interaction between group 
and precue category,  F(3, 87) = 0.59, p = .63. 
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Figure 2: Mean RT (top) and percentage of error rates (bottom) for musicians and non-
musicians, for each of the four precue conditions in Experiment 1.  
 
Electrophysiological Data 
Foreperiod CNV Amplitude: A 2 (group) x 4 (precue category) mixed 
ANOVA revealed a significant precue effect, F(3, 87) = 12.55, p < .001, ηp
2 = 0.30. 
Bonferroni corrected post-hoc comparison yielded a significantly larger (i.e. more 
negative) foreperiod CNV amplitude for trials that provided advance information 
about response hand (-6.2 μV), finger (-5.9 μV), and ambiguous parameters (-6.4 
μV), compared to non-informative trials (-4.3 μV), all Fs > 9.45, all ps < .01, with 
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the three partial precue conditions not significantly differing from each other (all ps 
> .05). There was no significant effect of musical practice on the foreperiod CNV 
amplitude (musicians: M = -6.5 μV; non-musicians: M = -4.9 μV), F(1, 29)= 1.18, p 
= .29, nor was there any significant interaction between precue category and 
group, F(3, 87)= 1.67, p = .18. 
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Figure 3. The mean foreperiod CNV amplitudes on Cz during trials with no or partial 
advance information (finger, hand, or ambiguous) in Experiment 1, for musicians and 
non-musicians. The topographic spline map on the right depicts the spatial distribution of 
the average activity in a time 200 window immediately preceding target onset. 
Foreperiod LRP Amplitude: Planned comparisons using one-tailed t-tests 
were performed on LPR amplitudes, testing whether the LRP deviates significantly 
from zero in the negative direction for musicians and non-musicians. We only 
expect the LRP to differ from zero in the hand precue condition, which is depicted 
in Figure 4. Musicians displayed a significant foreperiod LRP amplitude in the hand 
precue condition (-1.1 μV), t(15) = -1.93, p= .037. The foreperiod LRP amplitude in 
the hand precue condition did not differ significantly from zero for the non-
musicians (-0.5 μV), t(14) = -1.21, p= .13. The LRP amplitude did not significantly 
differ from zero in any other precue conditions (all ps > 0.10). 
Target-related LRP amplitude: A 2 (group) x 4 (precue category) mixed 
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ANOVA revealed no significant effects, all Fs < 1. Importantly, there was no 
significant effect of musical practice on the target-related LRP amplitude 
(musicians: M = -4.3 μV; non-musicians: M = -4.3 μV), F(1, 29) < 1. Thus, the 
absence of a foreperiod LRP in the non-musician group cannot be attributed to 
generally reduced lateralized motor activity for this group. 
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Figure 4. The mean LRP amplitudes during trials with partial advance information about 
response hand in Experiment 1. Data for musicians and non-musicians are 
superimposed. 
Discussion 
The results of the first experiment suggest that musicians, although 
displaying differences in electrical activity arising from motor areas of the brain, are 
not differing from non-musicians in their ability to selectively prepare a forthcoming 
movement using pre-specified movement parameters. Musicians responded 
generally faster than non-musicians, replicating earlier studies (e.g., Amer et al., 
2013; Jentzsch et al., 2014), but did not show an enlarged precue effect in any of 
the behavioural measures or the CNV amplitude. It is important to note that the 
precue effect itself (i.e. significantly shorter RTs and larger foreperiod CNV 
amplitudes on informative compared to non-informative precues) was highly 
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significant, so the lack of an observed group difference cannot be attributed to 
participants’ general lack to engage with the precue information. Some evidence 
for differences in brain activity between groups was observed. First, the CNV 
amplitude seemed generally slightly enlarged for musicians compared to non-
musicians, although this effect was not significant. Also, only musicians, but not 
non-musicians, exhibited a significant foreperiod LRP when response hand was 
pre-specified. Importantly, lateralized activity during the response phase (target-
related LRP) did not differ between groups. Together, these LRP findings are 
surprising, especially given that no behavioural differences in the size of the precue 
effect were found between groups. Given that the target-related LRP was of similar 
size for both groups, differences in the foreperiod LRP amplitude cannot have 
resulted from structural differences between groups. In order to further explore the 
link between behavioural results and the foreperiod LRP, we run a correlation 
between the size of the foreperiod LRP precue effect (no information precue minus 
hand information precue) and the hand precue effect in RTs (no information precue 
minus hand information precue) across all participants, discarding factor group. 
The correlation was not significant, r = 0.02. We will come back to discussing this 
finding in more detail in the general discussion. 
In sum, despite the evidence that our group of musicians responded faster 
in general and showed differences in lateralized preparatory activity in motoric 
areas of the brain, they were not selectively advantaged in the ability to use 
advance information to prepare for an upcoming motor response.  
 
Experiment 2 
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Experiment 2 examined the effects of musical skill level on movement re-
programming skills. This experiment used a response precuing task with precues 
that provided either no advance information, or full information that could be valid 
or alternatively, providing invalid information about hand, finger, both parameters. 
Trials with full valid precue information can be compared to non-informative 
precues to potentially replicate and further extend the findings reported in 
experiment 1. More specifically, participants should respond faster and exhibit 
larger CNV amplitudes on trials with full precues relative to non-informative trials 
(Leuthold et al., 2004). Also, a foreperiod LRP should arise for full advance 
precues, irrespective of the validity of the precue (which is only determined at 
response target onset). Thus, group differences in the precue effect and the 
foreperiod LRP amplitude can again be explored. Experiment 2 therefore aimed at 
replicating the rather surprising foreperiod LRP results from experiment 1, namely 
that only musicians but not the non-musicians group, showed significant foreperiod 
LRP amplitudes, but similar target-related LRP, by including a full valid precue 
condition that allows participants to pre-specify both finger and response hand in 
advance. 
In addition, behavioural responses to invalid precues can be used to index 
motor re-programming abilities as participants must modify their prepared response 
before executing the required movement (Leuthold & Jentzsch, 2002b). More 
specifically, participants are expected to respond slower on invalid precue trials 
compared to non-informative trials, if they engage in movement re-programming. If 
musicians are more efficient in these processes, re-programming costs should be 
smaller in musicians compared to non-musicians.  
Method 
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Participants 
All participants from Experiment 1 took part on Experiment 2 after 
completion of experiment 1. 
Materials and Procedures 
Stimuli and apparatus were the same as in experiment apart from the 
changes mentioned in the following.  
Response Precuing Task: Precues consisted of a filled red square and three 
empty squares, thus indicating a single finger. There were a total of five precue 
categories: valid full information (VFP; 50% of trials), no information (NP; 25%) and 
invalid information (25%) about hand (IHP), finger (IFP) or both parameters (IBP). 
As shown in Figure 5, the invalid conditions indicated a response alternative that 
was different from the finger signalled by the target, whereas valid precues 
indicated the correct response finger. A higher proportion of valid trials was chosen 
to encourage participants to utilize precue information and prepare their responses. 
Participants were informed about these probabilities before the start of the 
experiment. The presentation order of precue categories was randomized within 
each of the 6 experimental blocks (2 practice and 48 experimental trials each).  
Participants remained in the same dark room as Experiment 1. They were 
told that the second task also required them to respond with the finger identified 
by the green target and the stimulus-response mapping was identical to the 
previous task. Participants were further instructed that they would only see a 
single red square and were asked to prepare the finger indicated by each precue. 
The experimenter informed participants that on 25% of trials the precues were 
invalid, but the majority of trials were valid, thus, encouraging participants to 
utilize the precue information to speed up responses.  
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Figure 5. A) Example of a full information precue (precuing the left middle finger). B) 
Valid target: Target appears in the same location as the precue. C) Invalid hand target: 
Target indicates same finger (i.e. middle) but on the other hand. D) Invalid finger target: 
target indicates same hand but different response finger. E) Invalid both: target indicates 
a different hand and finger response. 
 
Electrophysiological Recordings and Data Analysis 
The electrophysiological recordings and data analysis were identical to 
Experiment 1, apart from the following changes. The mean foreperiod CNV, 
foreperiod LRP, and target-related LRP during trials with valid full precues and no 
information were submitted to mixed ANOVAs. Trials with invalid precues were 
not included in the ERP analyses because there were too few trials to split the 
data by response hand. 
Results 
Behavioral Data – Analysis 1  
The RTs and percentage of errors for experiment 2 are displayed in Figure 
6. Mixed ANOVAs with within-subjects factor precue category (NP, VFP, IHP, 
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IFP, IBP) and between-subjects factor group (musicians vs. non-musicians) were 
performed on RTs for correct responses and on arcsine-transformed error rates.   
Precue Information
NP VFP IFP IHP IBP
E
rr
o
r 
R
a
te
 [
%
]
0
4
8
12
Non-Musicians 
Musicians 
M
e
a
n
 R
e
a
c
ti
o
n
 T
im
e
  
[m
s
]
0
250
300
350
400
450
 
Figure 6: Mean RT (top) and percentage of error rates (bottom) for musicians and non-
musicians, for each of the five precue conditions in Experiment 2. NP: No Precue 
Information; VFP: Valid Full Precue; IFP: Invalid Finger Precue; IHP: Invalid Hand 
Precue; IBP: Invalid Both Finger and Hand Precue. 
 
Reaction Times: Musicians tended to be faster (375 ms) than non-
musicians (402 ms), F(1, 29) = 3.92, p = .057,  = .11. There was a significant 
effect of precue category, F(4, 116) = 42.84, p < 0.001, ηp
2 = .60. Bonferoni-
corrected posthoc- tests confirmed the following ordering: VFP (352 ms) < IBP 
(378 ms) = NP (389 ms) <  IHP (408 ms) = IFP (415 ms). There was no 
significant interaction between group and precue category, F(4, 116) = 0.13,  p = 
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.97. 
Error Rates:  Error rates did not significantly differ between musicians 
(6.1%) and non-musicians (3.6%), F(1, 29) = 1.89, p = .18. There was a 
significant effect of precue category, F(4, 116) = 16.07, p < .001, ηp
2 = .36. 
Bonferoni-corrected posthoc- tests confirmed the following ordering: VFP (1.2%) 
= NP (2.0%) = IBP (3.9%) < IHP (8.5%) = IFP (9.1%). There was no significant 
interaction between group and precue category, F(4, 116) = 1.74,  p = .15. 
 
Behavioural Data – Analysis 2  
In order to investigate whether musicians and non-musicians differ in 
making behavioural adjustments after the experience of an invalid trial, we also 
performed a sequential analysis, taking into account both previous and current 
trial validity (e.g., Arjona, Escudero, & Gomez, 2014). For this analysis only trials 
with correct responses in both trials N-1 and trial N were included and the 
different invalid precue condition were collapsed into one Invalid Precue (IP) 
condition, in order to achieve sufficient numbers of trials. The mean RTs and 
error rates for this analysis are displayed in Figure 7. Mixed ANOVAs with within-
subjects factor previous precue category (NP, VFP, IP), current precue category 
(NP, VFP, IP),   and between-subjects factor group (musicians vs. non-
musicians) were performed on RTs for correct responses in trials N-1 and trial N 
and on arcsine-transformed error rates.   
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Figure 7: Mean RTs and Error Rates for current (trial N) No Information Precues (NP); 
Valid Full Precue (VFP), and Invalid Precues (IP) as a function of previous (trial N-1) 
precue category. 
 
Reaction Times: Musicians tended to be faster (366 ms) than non-
musicians (393 ms), F(1, 29) = 4.05, p = .054, ηp
2= .12. There was a significant 
effect of current precue category, F(2, 58) = 38.50, p < 0.001, ηp
2 = .57. There 
was also a significant effect of previous precue category, F(2, 58) = 11.91, p < 
0.001, ηp
2 = .29. Importantly, here was a significant interaction between previous 
and current precue category, F(4, 116) = 4.87,  p = .001, ηp
2 = .14. As suggested 
by Figure 6, RTs to current invalid precues were not affected by the previous 
precue category. However, both for VFP and for NP conditions, RTs were slower 
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when the previous precue had been invalid, compared to previous NP and VFP 
conditions. Again, no interactions with factor group were observed, all Fs <1. 
Error Rates: There was a significant effect of current precue category, F(2, 
58) = 31.46, p < 0.001, ηp
2 = .52. There was also a significant effect of previous 
precue category, F(2, 58) = 4.18, p < 0.020, ηp
2 = .13. No other effects reached 
significant levels, all ps > .10. 
Electrophysiological Data 
Foreperiod CNV Amplitude: A 2 (group) x 2 (precue category) mixed 
ANOVA revealed a significant precue effect, F(1, 29) = 16.52, p < .001, ηp
2 = 
0.36, with larger (i.e. more negative) foreperiod CNV amplitude for trials that 
provided full advance information (-5.7 μV) compared to non-informative precues 
(-4.0 μV). There was no significant effect of musical practice on the foreperiod 
CNV amplitude (musicians: M = -5.6 μV; non-musicians: M= -4.2 μV), F(1, 29)= 
0.79, p = .38, nor was there any significant interaction between precue category 
and group, F < .1.0.  
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Figure 8. The mean foreperiod CNV amplitudes during trials with full valid and no precue 
information in Experiment 2, for musicians and non-musicians. The topographic spline 
map on the right depicts the spatial distribution of the average activity in a time 200 
window immediately preceding target onset. 
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Foreperiod LRP Amplitude: Planned comparisons using one-tailed t-tests 
were performed on LPR amplitudes, testing whether the LRP deviates 
significantly from zero in the negative direction for musicians and non-musicians. 
We expect the LRP to differ from zero in the full precue condition but not in the 
no precue condition. Musicians displayed a significant foreperiod LRP amplitude 
in the full precue condition (-0.74 μV), t(15) = -2.74, p= .008. The foreperiod LRP 
amplitude in the full hand precue condition did not differ significantly from zero for 
the non-musicians (-0.48 μV), t(14) = -1.05, p= .16. The LRP amplitude did not 
significantly differ from zero in the non-informative precue condition for either 
groups (both ps > 0.10). 
Target-related LRP amplitude: A 2 (group) x 2 (precue category) mixed 
ANOVA revealed no significant effects, all Fs < 1.74, all ps > .19. Importantly, there 
was no significant effect of musical practice on the target-related LRP amplitude 
(musicians: M = 4.1 μV; non-musicians: M = -3.7 μV), F < 1. Again, this finding 
suggests no general group difference in lateralized motor activity. 
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Figure 9. The mean LRP amplitudes during trials with full valid advance information 
about the forthcoming response in Experiment 2. Data for musicians and non-musicians 
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are superimposed. 
Discussion 
The aim of the second experiment was two-fold. We wanted to replicate 
the findings of Experiment 1 using only non-information and full information 
precues and also test participants’ ability to re-program their response when a 
precue provided invalid advance information. 
First, the results of Experiment 2 largely replicated the findings of the first 
experiment. Again, musicians tended to respond faster in general. Musicians also 
did not differ from non-musicians in their ability to selectively prepare a 
forthcoming movement using pre-specified movement information. More 
specifically, whereas the precue effect itself (i.e. significantly shorter RTs and 
larger foreperiod CNV amplitudes on fully informative compared to non-
informative precues) was highly significant, no group effect in these measures 
was observed. Again, we found only musicians, but not non-musicians, to exhibit 
a significant foreperiod LRP when response hand was pre-specified. Importantly, 
lateralized activity during the response phase (target-related LRP) did not differ 
between groups. In order to further explore the functional significance of the 
foreperiod LRP amplitude, we run a correlation between the size of the precue 
effect (no information precue minus full information precue) in foreperiod LRP 
and in RTs across all participants, discarding factor group. Replicating the 
findings from  experiment 1, the correlation was not significant, r = -0.02. 
Second, we found participants to show general RT slowing when the 
precue provided invalid information about aspects of the forthcoming movement. 
Interestingly, this effect was only observed when either the hand or the finger 
parameter had to be re-programmed (invalid finger precues and invalid hand 
Motor pre-programming and re-programming in Musicians                            30 
 
 
precues). However, when both parameters were invalid, no reaction time 
disadvantage was observed compared to no-information precues. Interestingly, 
this result might suggest that it is easier to completely discard a pre-specified 
motor program when all movement parameters are incorrect compared to when 
the pre-planned program contains partially correct information and only a subset 
of parameters needs to be inhibited and re-programmed.  
Importantly, despite the presence of clear re-programming costs, again no 
group differences were observed. In other words, we did not find any differences 
between musicians and non-musicians in the ability to re-program an invalidly 
pre-programmed motor response.  
General Discussion 
This study aimed to investigate the effects of musical ability on the 
behavioural and neural correlates of movement pre- and re-programming. The 
combined results of Experiment 1 and 2 indicate that our sample of young 
amateur musicians was no more efficient at preparing or re-programming their 
movements than non-musicians.  
Participants successfully used the advance information to prepare for the 
forthcoming response as indicated by faster response times, lower error rates 
and increased CNV amplitudes, when precues provided partial (Experiment 1) or 
full valid (Experiment 2) compared to no advance information. Furthermore, when 
precues incorrectly pre-specified one movement parameter in advance, 
participants showed substantial reaction time and accuracy costs compared to 
the no advance information condition. Interestingly, this effect was not present 
when all movement parameters had to be re-programmed. 
Musicians tended to respond generally faster than non-musicians. This 
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finding fits with a number of previous reports suggesting a link between musical 
training and response speed (e.g. expert musicians: Amer et al., 2013; older 
adults; Khemthong et al., 2012; Amer et al., 2013; Metzler et al., 2013; amateur 
musicians: Hughes & Franz, 2007; Jentzsch et al., 2014). Importantly, despite 
these general group differences, musicians did not differ from non-musicians in 
their ability to selectively prepare a forthcoming movement using pre-specified 
movement information or to re-program in incorrectly pre-specified motor plan. 
In both experiments, we found only musically trained participants, but not 
non-musicians, to exhibit a significant foreperiod LRP amplitude when response 
hand was pre-specified, despite the fact that the subsequent response target 
elicited an LRP of similar size in both groups. The latter finding does rule out the 
possibility that the lack of foreperiod LRP in the non-musician group is due to 
structural differences or a lower signal-to noise ratio compared to the musicians 
group. Interestingly, the size of the foreperiod LRP amplitude did not predict the 
precue effects observed in behaviour as in both experiments, no correlation 
between the two measures was observed.  
We do however, not want question that the foreperiod LRP could indicate 
general effector-specific motor activation (e.g. Ulrich et al., 1998; Wild-Wall et al., 
2003). It might be the case, that musicians find it easier to prepare their motor 
response at an effector-level rather than just abstractly specifying motor 
parameters. However, given the lack of significant group differences in the RT 
precueing effects, our results could suggest the behavioural precue effects to be 
largely driven by hierarchical motor programming at an abstract, rather than 
effector-specific level. Additionally, musical activity does not seem to affect the 
former ability, but might just increase the non-functional leakage of activity into 
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the motor system. We could speculate more generally that effector-specific 
preparation as indicated by lateralized foreperiod motor activity might only have 
minimal behavioural consequences. However, we need to point out that these 
suggestions are highly speculative and need to be specifically tested in future 
experiments. Also, although both our sample size and our trial number is 
comparable to that used in previous studies reporting foreperiod LRP effects, the 
power might not have been sufficient to detect significant foreperiod LRPs in the 
non-musicians group. 
There are other limitations of the present study that suggest some caution 
in the interpretations of our results. The present study uses a cross-sectional 
design. Although we matched participant groups for age, sex, education, and 
mood, the group differences found in overall speed and foreperiod LRP 
amplitudes may be explained by innate differences between groups rather than 
being the result of the musical training itself. More specifically, individuals with, 
for example, enlarged motor areas and other innate differences (e.g. highly 
intelligent individuals; Prat & Just, 2008) may be more inclined towards musical 
practice (Schellenberg, 2011). In addition, musically trained participants might 
also show a different level of engagement in non-musical activities that improve 
fine motor skill, such as playing video games (Drew & Waters, 1986) or sports 
(Krampe, 2002). In order to address this issue, we required participants to 
provide information about their hobbies (“List any other non-music-related 
hobbies you have” and “How many hours per month you spend on each of 
these”). No group differences in the amount of physical activity (see also Table 1) 
were found. Also, none of the participants explicitly stated video gaming as a 
hobby, but two participants listed internet activity (one from each of the two 
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groups). However, participants were not explicitly asked about their involvement 
in physical and video gaming activities.  
The lack of evidence for motor planning or re-programming differences 
between groups in our study does not necessarily contradict the hypothesis that 
musically trained individuals are more at efficient movement preparation 
compared to non-musicians (Jäncke et al., 2000), due to several other 
methodological shortcomings. For example, a few of the individuals classified as 
‘non-musicians’ possessed some musical experience (<1000 hours), which may 
have reduced the likelihood of detecting significant group differences. Consistent 
with this, in an earlier study (Jentzsch et al., 2014) we found that even individuals 
with low levels of musical practice (i.e. 200-2000 hours) display shorter RT 
latencies compared to individuals with no musical experience. Also, our musically 
trained participant group might not have a sufficiently high number of practice 
hours to yield a significant effect of musical training on movement pre-
programming and re-programming. Thus, the hours of musical practice might 
moderate the hypothesized relationship between musical training and movement 
preparation (Jäncke et al., 2000). Consistent with this interpretation, individuals 
have been shown to exhibit increasingly faster RTs as they accumulate more 
musical practice hours (Jentzsch et al., 2014). Moreover, only adults with at least 
10 years of musical practice display advantages on non-verbal memory, naming 
and executive functioning, compared to controls (Hanna-Pladdy & Mackay, 
2011). However, this account restricts the generalizability of the present findings. 
Specifically, as the present study recruited young amateur musicians with an 
average of only about 3,700 accumulated practice hours, the findings are unlikely 
to generalize to professional musicians (who acquire over 10,000 practice hours 
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within a 10-year period; Gruhn et al., 2003), nor do they to older adults. 
Nevertheless, given the general group differences in response speed and 
lateralized foreperiod LRP activity observed in the present study, it is unlikely that 
the lack of group difference in the specific pre- and re-programming measures 
can be attributed to these shortcomings. 
In conclusion, this study demonstrates that combining the response 
precuing and ERP paradigms is a valuable tool to examine the influence of 
musical training on specific movement-related processes. Our results show 
differences in effector-specific motor preparation and general performance speed 
between musicians and non-musicians. However, the overall increased response 
speed and electrophysiological differences observed between musicians and 
non-musicians cannot be explained by more effective movement planning or 
movement re-programming abilities.
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